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Modules in the Temperate cos-Site Streptococcus thermophilus Bacteriophage Sfi21
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The temperate Streptococcus thermophilus bacteriophage Sfi21 possesses 15-nucleotide-long cohesive ends with a 39
overhang that reconstitutes a cos-site with twofold hyphenated rotational symmetry. Over the DNA packaging, head and tail
morphogenesis modules, the Sfi21 sequence predicts a gene map that is strikingly similar to that of lambdoid coliphages in
the absence of any sequence similarity. A nearly one to one gene correlation was found with the phage lambda genes Nu1
to H, except for gene B-to-E complex, where the Sfi21 map resembled that of coliphage HK97. The similarity between Sfi21
and HK97 was striking: both major head proteins showed an N-terminal coiled-coil structure, the mature major head proteins
started at amino acid positions 105 and 104, respectively, and both major head genes were preceded by genes encoding a
possible protease and portal protein. The purported Sfi21 protease is the first viral member of the ClpP protease family. The
prediction of Sfi21 gene functions by reference to the gene map of intensively investigated coliphages was experimentally
confirmed for the major head and tail gene. Phage Sfi21 shows nucleotide sequence similarity with Lactococcus phage BK5-T
and a lactococcal prophage and amino acid sequence similarity with the Lactobacillus phage A2 and the Staphylococcus
phage PVL. PVL is a missing link that connects the portal proteins from Sfi21 and HK97 with respect to sequence similarity.
These observations and database searches, which demonstrate sequence similarity between proteins of phage from
gram-positive bacteria, proteobacteria, and Archaea, constrain models of phage evolution. © 1999 Academic Press
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iINTRODUCTION
Streptococcus thermophilus is a gram-positive ther-
ophilic lactic acid bacterium used in industrial milk
ermentation (Mercenier, 1990). Phage attack has always
een a major problem in the dairy industry and is asso-
iated with substantial economical loss. This is also the
ase for S. thermophilus (Bru¨ssow et al., 1998). The
enetic construction of phage-resistant bacterial starters
s thus an important biotechnological goal. In contrast to
he related genus Lactococcus, lactic streptococci pos-
ess few plasmids encoding natural defence systems of
he bacterial host against phage infection (Larbi et al.,
992). We therefore turned our attention to the bacterio-
hage genome to identify and exploit phage-encoded
ontrol systems that interfere with phage replication
Foley et al., 1998). Because relatively few data were
vailable on the biology of these phages (reviewed in
ru¨ssow et al., 1998; Bru¨ssow, 1999) and because tools
or genetic analysis in lactic streptococci are not very
eveloped, several laboratories decided to sequence, as
first step, a complete phage genome to obtain an
verview of their genome organization (Stanley et al.,
997). However, in many bacterial genome sequencing
rojects, only about half of all identified open reading
1 To whom reprint requests should be addressed. Fax: 0041-21-785-
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244rames (ORFs) find a match in the database. This situa-
ion is even worse in bacteriophage genome sequencing
rojects: rarely more than a fourth of the phage ORFs
atch entries in the database. A possible remedy to this
ituation could be the sequencing of genetically closely
elated phages that differ in phenotypes. We applied this
pproach to S. thermophilus bacteriophages that differed
n DNA packaging (cos- or pac-type phages), lifestyle
lytic or temperate phages), host range, or sensitivity to
rophage-mediated superinfection exclusion (Desiere
t al., 1998; Lucchini et al., 1998; Lucchini et al., 1999a,b).
his analysis allowed the establishment of associations
etween phenotype and genotype and thus the attribu-
ion of possible functions to a few ORFs.
When comparing the genome of a pac-type S. ther-
ophilus bacteriophage Sfi11 with Siphoviridae from
ram-positive bacteria, we observed not only a similar
ene order but also sequence relationships with a Lac-
ococcus and a Bacillus phage (Lucchini et al., 1998). In
ddition, similarity with the structural gene map of phage
was noted for the Lactococcus phage sk1 (Chandry et
l., 1997), the Streptococcus phage Sfi11 (Lucchini et al.,
998), and the Bacillus phage SPP1 (Becker et al., 1997).
ecause phage 2 is the best investigated biological
ystem, the similarity might be exploited to predict gene
unctions in gram-positive bacteria to lead future biolog-
cal experimentation. However, for the prediction of gene
unctions, the observed correlations between the gene
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245SEQUENCE ANALYSIS OF S. thermophilus BACTERIOPHAGE Sfi21aps of the phages investigated were not sufficiently
lose. We suspected that the smaller genome size of the
actococcal cos-site phage sk1 (28 kb) (Chandry et al.,
997) or the different DNA packaging mechanism of the
ac-site streptococcal phage Sfi11 and B. subtilis phage
PP1 prevented a closer match with the gene map of the
os-site coliphage. Therefore, we investigated the ge-
ome organization of the 40-kb cos-site S. thermophilus
hage Sfi21. Over a 15-kb structural gene cluster, we
bserved a nearly 1:1 gene/ORF correlation between the
wo phages.
The theoretical basis for this correlation is not clear
ecause the comparable genome organization was
ound in the absence of any sequence relationship. Tax-
nomically oriented virologists favour the comparison of
enomic maps over protein sequence alignments for the
nderstanding of phage evolution because sequence
lignments have, until now, essentially confirmed rela-
ionships between phages that were known to be related
Ackermann, 1999). However, the total number of phage
equences in the database is small compared with other
rganisms and the lack of protein sequence alignments
etween more distantly related phages might reflect an
bservation bias. Currently, the situation is about to
hange with the introduction of many new phage se-
uences into the database. We demonstrate here simi-
arities not only in the gene organization but partially also
n protein sequences of phages whose hosts include,
esides streptococci and its close relatives, Escherichia
oli, Rhodobacter (a proteobacterium of the gamma sub-
ivision), and an archaeon.
RESULTS
he cos-site of Sfi21
During direct sequencing of the heat-treated unligated
hage DNA by primer walking, we observed an abrupt
nd of the sequencing reaction upstream of ORF 152
Fig. 1). When re-annealed, ligated Sfi21 DNA was used
s the template, direct DNA sequencing with a primer
ocated in ORF 152 led into ORF 175 sequences, and vice
ersa. When the heat-treated Sfi21 DNA was first di-
ested with T4 DNA polymerase, which carries a 39-to-59
xonuclease activity, then ligated and subsequently se-
uenced, we obtained an identical nucleotide sequence
xcept for the absence of a 15-bp stretch between ORFs
75 and 152. This analysis suggested the presence of a
5-nucleotide-long, 39-extended single-stranded cDNA at
he two ends of the phage DNA. This 15-bp DNA stretch
howed a twofold hyphenated rotational symmetry (Fig.
). We propose that this sequence constitutes the cosN
ite of Sfi21. The cosN site was located in an 186-bp
oncoding AT-rich DNA region. This region showed a
eak match with pST1 plasmid from S. thermophilusP 5 .015), (Janzen et al., 1992). Wioinformatic analysis of the cos-site associated
enes of Sfi21
Over the genome region depicted in Fig. 1, the predicted
hage Sfi21 proteins showed close sequence relationships
ith the corresponding proteins from the cos-site S. ther-
ophilus phage DT1 (Tremblay and Moineau, 1999). The
nly major difference was the separation of Sfi21 ORF 623
nto two ORFs in DT1 (Table 1). Except for phage DT1, no
atabase links could be established for ORF 132 gp from
hage Sfi21. ORF 175 gp showed in addition strong simi-
arity to a protein from Staphylococcus aureus phage PVL
Table 1) and weak similarity to cos-site-associated genes
rom Lactobacillus casei phage A2 and Bacillus subtilis
hage phi-105. A multiple alignment of the proteins re-
ealed 32 amino acid (aa) positions shared in at least three
f four phage proteins (data not shown). ORF 152 showed
ignificant sequence similarity to a probably defective Lac-
ococcus lactis prophage gene that abuts on a large ge-
ome inversion in the host bacterium (Daveran-Mingot et
l., 1998) and probably prophage-encoded Mycobacterium
uberculosis proteins. In addition, weak similarities with
roteins encoded by cos-site-associated genes from phage
2 and actinophage RP3 were detected (Table 1). Multiple
lignments of the above-mentioned five proteins identified
9 aa positions that were shared in at least three proteins.
RF 623 gp showed very high similarity with proteins from
he same L. lactis prophage, phages A2 and PVL (Table 1).
ll three phage proteins were encoded by the second gene
fter the respective cos-sites (Fig. 3). In addition, ORF 623
p shared significant sequence similarity with putative ter-
inases from the L. lactis phages c2 and bIL67 and a
rophage-encoded protein from Rhodobacter capsulatus
Table 1, Fig. 3). A multiple alignment of the Streptococcus,
actococcus, Lactobacillus, Staphylococcus, and Rhodo-
acter phage and prophage proteins showed 41 invariable
a positions. The presence of a typical Walker box for an
TP-binding protein further supports the suggestion that
RF 623 gp encodes a large subunit terminase.
he putative head morphogenesis genome region
f Sfi21
Except for phage DT1, no bioinformatic links could be
stablished for ORF 59 gp. ORF 384 gp from Sfi21 showed
ignificant sequence similarity with a protein from phage
VL encoded at a corresponding position (Table 1, Fig. 3).
otably, the PVL protein showed significant similarity to the
ortal protein from coliphage HK97 (Kaneko et al., 1998),
hereas the HK97 protein showed sequence similarity
P 5 10210) with ORF 426 gp from the Rhodobacter pro-
hage (Fig. 3). ORF 221 gp from Sfi21 showed strong se-
uence similarity to different members of the large ClpP
rotease family (10 members showed P 5 1029 to 1025).
he attribution of ORF 221 gp to this large family of serine
roteases is further supported by a multiple alignment.
hen compared with eight members of the ClpP protease
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247SEQUENCE ANALYSIS OF S. thermophilus BACTERIOPHAGE Sfi21amily of bacterial, plant, and animal origin, the Sfi21 protein
hared 28 positions with at least six of them (data not
hown). Especially well conserved were the diagnostic
atalytic serine and histidine residues (Maurizi et al., 1990),
hich are flanked by conserved glycine residues (Fig. 5).
he Sfi21 protein is, to our knowledge, the first case of a
irally encoded ClpP-like protein. The Sfi21 ClpP-like protein
s unlikely to result from a horizontal gene transfer from the
enome of its bacterial host: two different phylogenetic tree
nalyses demonstrated that the Sfi21 protein is not more
FIG. 2. The nucleotide sequence of the cos-region from S. thermophi-
us phage Sfi21. The 15-nucleotide 39 overhang from the cohesive ends
s marked by a large box; the region of twofold hyphenated rotational
ymmetry is shaded.
T
Open Reading Frames of the DNA Packaging, Head, and Ta
ORF Put. function Similarity to
132 S. thermophilus phage DT1
175 S. thermophilus phage DT1
S. aureus phage PVL ORF
Lb. casei phage A2 ORF
B. subtilis phage f-105 ORF
152 S. thermophilus phage DT1 ORF
L. lactis spp. cremoris prophage ORF
M. tuberculosis Rv15
M. tuberculosis Rv26
Lb. casei phage A2 ORF
Actinophage RP3 ORF
623 Terminase L. lactis spp. cremoris prophage Gp5-
large subunit S. thermophilus phage DT1 ORF
S. thermophilus phage DT1 ORF
Lb. casei phage A2 ORF
S. aureus phage PVL ORF
B. subtilis phage f-105 ORF
L. lactis prophage ORF
Rhodobacter capsulatus ORF
Streptomyces phage f-C31 gp 3
B. subtilis phage f-105 ORF
59 S. thermophilus phage DT1 ORF
384 Portal protein S. thermophilus phage DT1 ORF
S. aureus phage PVL Porta
B. subtilis phage f-105 ORF
Streptomyces phage f-C31 gp 3
221 ClpP-like S. thermophilus phage DT1 ORF
various ClpP proteases
397 Major head S. thermophilus phage DT1 ORF
protein L. lactis cremoris phage BK5-T ORF
B. subtilis phage f-105 ORF
S. aureus phage PVL Caps
Note. For the database matches of the ORFs downstream of the majo
RF by codon length; Put. Function; putative function deduced fromdentification as annotated in the entry; id/sim/length; percent aa identity/simlosely related to bacterial (including a close sister species
f S. thermophilus, namely S. salivarius) than to algal ClpP
roteins (Fig. 4). Because a closely related protein was
etected in the lactococcal phage BK5-T and was encoded
t a corresponding map position (A. Hillier, personal com-
unication), we might deal here with a new class of bac-
eriophage-encoded ClpP-like proteins. Interestingly, corre-
ponding map positions were occupied by genes encoding
ikely proteases in coliphages HK97 (Hendrix and Duda,
998) and N15 (R. W. Hendrix, unpublished observation).
he ORF 303 gp from the Rhodobacter prophage showed
equence relationship with the putative protease from N15
P 5 1023). However, none of these possible phage pro-
eases belonged to the ClpP protein family.
ORF 397 gp shares very high sequence similarity with
he major head protein of L. lactis phage BK5-T (A. Hillier,
ersonal communication) and significant similarity with the
ajor head protein of phage PVL (Table 1). N-terminal
equencing of the larger of the two major structural pro-
hogenesis Module of Sfi21 and Similarities with Databases
P id/sim/length (%) Reference
10261 86/95/132 Tremblay and Moineau (1999)
10285 84/93/168 Tremblay and Moineau (1999)
1028 28/44/125 Kaneko et al. (1998)
0.038 29/41/70 Garcia et al. (1997)
0.19 33/53/142 Ellis and Dean (1985)
10267 76/87/152 Tremblay and Moineau (1999)
10214 30/50/137 Daveran-Mingot (1999)
1027 25/41/127 Cole et al. (1998)
1024 24/45/129 Cole et al. (1998)
0.008 21/40/138 Garcia et al. (1998)
0.11 20/35/76 Kinner et al. (1994)
0 64/83/519 AJ223961
0 92/97/369 Tremblay and Moineau (1999)
102126 95/95/229 Tremblay and Moineau (1999)
10272 30/53/542 Garcia et al. (1998)
10247 24/64/575 Kaneko et al. (1998)
10225 23/45/411 Ellis and Dean (1985)
10223 46/72/92 AJ223962
10219 22/41/548 Vlcek et al. (1997)
1027 23/39/311 Smith et al. (1999)
1024 35/54/77 Ellis and Dean (1985)
10224 86/96/59 Tremblay and Moineau (1999)
0 87/94/381 Tremblay and Moineau (1999)
10214 27/46/339 Kaneko et al. (1998)
10210 22/43/329 AB016282
1026 24/45/275 Smith et al. (1999)
102109 90/95/221 Tremblay and Moineau (1999)
102143 86/90/290 Tremblay and Moineau (1999)
102128 58/73/196 Lakshmidevi et al. (1990)
10248 38/58/344 AB016282
ein 10218 26/46/324 Kaneko et al. (1998)
gene, see Desiere et al., (1998). ORF; identification of the phage Sfi21
rmatic analysis or N-terminal sequencing (ORF 397 gp); Gene; geneABLE 1
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248 DESIERE, LUCCHINI, AND BRU¨SSOWeins from Sfi21 (Desiere et al., 1998) confirmed that the
RF 397 gp is the likely major head protein. Tail-less phage
articles contain only the larger 32-kDa protein (data not
hown). The N-terminal peptide sequence (LLDSKT) from
he larger phage structural protein resolved a discrepancy
etween the predicted (44 kDa) and the observed (32 kDa)
olecular mass of the putative major head protein. The
-terminal sequence corresponded to aa positions 105–
10 of the predicted ORF 397 gp, suggesting possible pro-
eolytic processing of this protein during maturation. Pro-
essing of the ORF 397 gp at aa position 105 predicts a
2-kDa protein, in agreement with the experimentally de-
ermined value.
The smaller phage structural protein, which is lost in
ail-less phage particles, yielded the peptide sequence
IVGLK, which matched aa positions 2–7 from ORF 202
p (Fig. 1). The first methionine was lacking in accor-
ance with the rule that the N-terminal methionine is
enerally processed when the second aa residue is an
lanine (Ben-Bassat et al., 1987).
raded conservation of the morphogenesis module
n tailed phages
When analyzing the morphogenesis genes from a pac-
ite S. thermophilus phage, we previously observed a
ierarchy of relationships between phages that corre-
FIG. 3. The map of the cos-site-associated genes in the temperate S.
rom Staphylococcus aureus phage PVL, Lactobacillus casei phage A
rophage, a Rhodobacter capsulatus prophage, and E. coli phage HK97
odon length. Corresponding genes showed the same shading. The
roteins show significant aa sequence similarity are connected.ated with the evolutionary distance of the host bacteria do lactic streptococci (Lucchini et al., 1998). This was also
een for the cos-site S. thermophilus phage. The closest
elationships of phage Sfi21 were to the lactococcal
hages that could still be aligned at the nucleotide level
P , 10285): the major head gene from BK5-T (A. Hillier,
ersonal communication) showed 66% bp identity, and
he terminase gene from the lactococcal prophage
howed 64% bp identity with the corresponding Sfi21
ene. At the next level were similarities between Sfi21
nd the Staphylococcus phage PVL and the Lactobacil-
us phage A2. The genetic organization was similar, and
everal phage genes showed sequence similarity at the
educed aa level but no longer at the nucleotide level. In
ddition, sequence-related genes were separated by se-
uence-unrelated genes: PVL ORF 63, 2, 4, and 7 gps
ere related to Sfi21 proteins, whereas PVL ORF 1, 3, 5,
nd 6 gps were unrelated (Fig. 3).
At the next level, Sfi21 showed similarity in the genetic
rganization with phage l (Fig. 1), whereas no sequence
imilarity at the protein level could be detected. In fact,
nly two differences were seen in the genetic organiza-
ion of the left 15 kb from Sfi21 and l: Sfi21 ORF 221
ccupied the position of the phage l gene C–Nu3–D
omplex and Sfi21 ORF 117 occupied the position of the
ene G–T complex in l. Interestingly, over the first vari-
nt region, Sfi21 showed exactly the gene constellation
philus phage Sfi21 was compared with the corresponding gene maps
mpletely sequenced Lactococcus lactis phage BK5-T and a L. lactis
redicted ORFs are indicated as in their published reports or with their
n of the cos-site is indicated where known. Genes whose predictedthermo
2, inco
. The p
positioescribed for the lambdoid coliphage HK97 (Hendrix and
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249SEQUENCE ANALYSIS OF S. thermophilus BACTERIOPHAGE Sfi21uda, 1998) (Fig. 1). The similarity between Sfi21 and
K97 was even more striking: first, the major structural
roteins from both phages are likely to be proteolytically
leaved at a comparable position (HK97 aa position 104;
uda et al., 1995; Sfi21 aa position 105). Second, a strong
oiled-coil structure could be predicted for the pro-
essed N-terminal region of both proteins (Conway et al.,
995) (Fig. 6). Interestingly, the major head protein from
. aureus PVL showed similar properties to the HK97 and
fi21 proteins: the mature protein starts at aa position
17 (Kaneko et al., 1998), and a coiled-coil is predicted
ver the N-terminal 70 aa (data not shown). Third, the
K97 and Sfi21 major head genes were preceded by a
utative protease gene. Phage HK97 has been noted for
FIG. 4. Phylogenetic tree analysis of the ORF 221 gp from S. thermo
nd plants. The tree was derived by the DARWIN function phylotree,
wissProt mnemonic of each protein or the species name. Streptococ
FIG. 5. Multiple alignment of the ORF 221 gp from S. thermophilus p
enitrificans, Synechocystis spp., Bacillus subtilis, Streptococcus sali
ulgaris over the characteristic catalytic ClpP motif. The catalytic aa
dentical in at least five proteins are shaded, aa positions identical in at leasts absence of a scaffolding protein. Hendrix and Duda
1998) proposed that the proteolytically processed N-
erminal part of the major head protein fulfills a scaffold-
ng function. From the similar genomic organization in
hage Sfi21, we suspect that this constellation might be
ore widely distributed than initially thought.
It is fascinating to note that the gene map of the
ethanobacterium thermoautotrophicum phage psiM2,
n archaeavirus (Pfister et al., 1998), also resembles
hose of phages Sfi21 and l (Fig. 1). Further support for
n ancestral genetic relationship between these three
hage systems comes from significant sequence rela-
ionships. For example, the portal and major head protein
rom psiM2 showed similarity with the corresponding
hage Sfi21 in comparison with putative ClpP proteases from bacteria
e distances given in PAM units. The branches are labeled with the
livarius, the closest species to S. thermophilus, is in bold.
fi21 with putative ClpP proteins from Borrelia burgdorferi, Paracoccus
Caenorhabditis elegans, Mycobacterium tuberculosis, and Chlorella
s serine and histidine are marked by arrows. Amino acid positionsphilus p
with thhage S
varius,
residuet eight of the nine aligned proteins are underlined in black.
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250 DESIERE, LUCCHINI, AND BRU¨SSOWroteins from the gram-negative Haemophilus influenzae
hage HP-1 (P 5 1026; Esposito et al., 1996) and the
ram-positive B. subtilis prophage PBSX (P 5 1024; Take-
aru et al., 1995; Pfister et al., 1998; and our own data-
ase searches). In fact, alignments of the three portal
nd head proteins demonstrated 21 and 32, respectively,
dentical aa positions (data not shown).
DISCUSSION
Over the DNA packaging, head and tail morphogene-
is modules, a nearly one to one correlation was ob-
erved between genes from a cos-site S. thermophilus
hage and lambdoid coliphages. The probability that this
orrelation occurred by chance is very low. The basic
bservation of the conservation of the morphogenesis
enes in some tailed phages is not new; it was noted
ore than 25 years ago (Dove, 1971) that the prophage
aps of P2, P22, and l were partially congruent. The
bservation was confirmed by sequence comparison
etween P22 and l (Eppler et al., 1991). Evolutionary
echanisms that could favour the conservation of the
tructural gene order in lambdoid phages have been
roposed (Casjens and Hendrix, 1974). This congruence
FIG. 6. Probability of a coiled-coil region in the major head proteins
rom E. coli phage HK97 (gp5) and S. thermophilus phage Sfi21 (ORF
53 gp) predicted according to the Multicoil program. The location of
he N-terminus of the mature protein from the extracellular phage
article is indicated by an arrow and the aa position.n the gene maps was recently extended to bacterio- Ohages infecting gram-positive bacteria (Becker et al.,
997; Chandry et al., 1997; Lucchini et al., 1998). The
orrelation between the Sfi21 and phage l/HK97 gene
aps reported in the present communication is so close
hat one is tempted to exploit the similarity to predict
ene functions for Sfi21 ORFs. The alignment with the
hage map predicts that Sfi21 ORFs 152 and 623 encode
he small and large subunits of terminase, respectively,
hereas ORF 59 would be implicated in head-to-tail
oining. The alignment with the HK97 map predicts that
he three ORFs 384, 221, and 397 encode the portal
rotein, a prohead protease, and the major head protein,
espectively. For ORFs 106, 116, 141, 123, and 202, one
ight predict analogous functions to the Fi, Fii, Z, U, and
genes from l, which are implicated in head-to-tail
oining processes. According to that prediction, ORF 202
hould encode the major tail protein. The attribution of
RF 1560 to the H gene from l, implicated in DNA
njection and tail length determination, is suggested by
he map position and the sheer length of the gene. In
ontrast, the assignment of ORF 117 to a gene is prob-
ematic because two genes, G and T, are found at the
orresponding position in l.
Two of the above predictions were experimentally con-
irmed. ORFs 397 and 202 gps are the major head and
ail proteins, respectively, as demonstrated by a combi-
ation of N-terminal sequencing and electron micros-
opy. The validity of the other assignments is supported
y indirect arguments: a minor structural protein of 155
Da (Desiere et al., 1998) is likely to be encoded by ORF
560; ORF 623 gp shows bioinformatic links to termi-
ases and an ATP-binding motif, whereas ORF 384 gp
howed bioinformatic links to portal proteins. ORF 221 gp
ontained a motif found at the catalytic site of a specific
lass of serine protease. A further argument in favor of
he predictive power of the correlation hypothesis is the
bservation that many bioinformatic links to phage
enes were located at corresponding positions of the
hage genome maps. We believe, therefore, that com-
arative sequence “gazing” has, in phage genomics, a
uch better chance of producing new biological under-
tanding than simple BLAST searches for individual
hage genes.
What might be the theoretical basis for this correlation
f the gene maps of tailed phages infecting bacterial
osts as distinct as gram-positive and -negative organ-
sms? Taxonomically, both phages belong to the same
rder Caudovirales, family Siphoviridae, genus “l-like
iruses” (Maniloff and Ackermann, 1998). Over the struc-
ural genes, which are likely to be indigenous to phages
nd where relationships must be sought in the first
lace, phages Sfi21 and l might thus share a common
rigin. Why, then, do we not detect sequence relation-
hips between these two phages? Ackermann (1999)
ompiled a list of arguments to deal with this dilemma.
ne is that tailed phages are so much older than plant or
a
l
d
t
w
d
t
c
t
s
t
m
a
f
h
p
R
t
s
a
e
t
s
i
h
d
t
c
s
e
a
t
p
n
a
f
m
p
s
p
B
a
m
a
i
B
w
m
s
C
p
r
(
c
s
1
w
c
e
D
m
S
s
L
n
d
2
m
s
a
r
s
e
D
z
S
a
(
g
p
h
P
p
d
p
m
a
r
C
p
e
w
p
t
v
s
251SEQUENCE ANALYSIS OF S. thermophilus BACTERIOPHAGE Sfi21nimal viruses that relationships were erased and no
onger detectable by aa alignments (Doolittle, 1981). In-
irect evidence in favor of this argument is the observa-
ion that we actually get aa sequence alignments when
e compare “l-like viruses” over smaller evolutionary
istances, such as from phages infecting low GC-con-
ent gram-positive bacteria (Lucchini et al., 1998; and
urrent report). Another argument of Ackermann (1999) is
hat relationships (e.g., between capsid proteins) may be
o weak that they are detectable only through examina-
ion of missing links; for example, proteins A, B, and C
ay be related but may appear unrelated if only A and C
re compared. If we equate the putative portal proteins
rom phages Sfi21, PVL, and HK97 with A, B, and C, we
ave exactly what is predicted (and we could still pro-
ose a D for the putative portal protein of the
hodobacter prophage). A further argument is that rela-
ionships may be preserved in the three-dimensional
tructure of tailed phage capsids and tail proteins but not
ny longer in sequence (Ackermann, 1999). This hypoth-
sis cannot be tested yet because not a single one of
hese phage proteins has been studied for its spatial
tructure. Again, our comparisons provide an indirect
llustration for the validity of this hypothesis. The major
ead proteins from Sfi21 and HK97 do not share any
etectable sequence similarity, yet they yield an ex-
remely similar coiled-coil prediction and they are
leaved at a nearly identical aa position. Both arguments
peak in favor of a rather similar spatial structure. Ack-
rmann (1999) is skeptical about the use of aa sequence
lignments for addressing the question of phage evolu-
ion simply because the evidence of relatedness of
hage proteins has not yet been found. This is, however,
ot an argument against aa alignments but an encour-
gement to sequence more phage genomes from care-
ully chosen bacterial genera. An increasing number of
issing links are obtained as the number of sequenced
hage genomes increases (Hendrix et al., 1999). This will
oon allow an integrated, sequence-based picture of
hage evolution.
MATERIALS AND METHODS
acterial strains, phages, and media
Streptococcus thermophilus Sfi1 was grown at 40°C in
n M17 broth (Difco Laboratories, Detroit, MI) supple-
ented with 0.5% lactose. Phage Sfi21 was isolated from
batch of Sfi21 cells during starter preparation and
ndependently from a lysogenic cell Sfi19 (Bru¨ssow and
ruttin, 1995). For phage preparation, calcium chloride
as added to the medium to a final concentration of 10
M. Phages were purified and concentrated as de-cribed previously (Bru¨ssow and Bruttin, 1995). oloning and sequencing
Sfi21 DNA was first purified using the Wizard DNA
urification kit (Promega; Madison, WI) and then cut with
estriction enzymes EcoRI, HindIII, NsiI, XbaI, or Sau3A
Boehringer Mannheim, Mannheim, Germany) and
loned into vector pUC19 or the E. coli–lactococcal–
treptococcal shuttle vector pNZ124 (Platteeuw et al.,
994).
DNA sequencing was started with the universal for-
ard and reverse primers of pUC19 or pNZ124 and
ontinued with synthetic oligonucleotide (17-mer) prim-
rs (Microsynth, Switzerland). Both strands of the cloned
NA were sequenced by the Sanger method of dideoxy-
ediated chain termination using either the fmol DNA
equencing System of Promega (Madison, WI) as de-
cribed previously (Bruttin et al., 1997) or the Amersham
ab-station sequencing kit based on the Thermo Seque-
ase-labeled primer cycle-sequencing with 7-deaza-
GTP (RPN2437). The thermal cycler was programmed at
5 cycles at 95°C for 30 s, 50°C for 30 s, and 72°C for 1
in. Sequencing was done on a Licor 6000L automated
equencer with fluorescence-labeled universal reverse
nd forward pUC19 primers.
PCR was used to span regions not obtained through
andom cloning. PCR products were generated using the
ynthetic oligonucleotide pair designed according to the
stablished phage Sfi21 DNA sequence, purified phage
NA, and Super Taq polymerase (Stehelin, Basel, Swit-
erland). PCR products were purified using the QIAquick-
pin PCR purification kit.
The cos-sites were ligated using purified phage DNA
nd T4 ligase according to the manufacturer’s protocol
Boehringer Mannheim). The cos-overhangs were di-
ested by the 39-to-59-end exonuclease activity of the T4
olymerase in the appropriate buffer (Boehringer Mann-
eim) and incubated for 5 min at room temperature.
rotein techniques
Extracellular phage particles were purified by PEG
recipitation and CsCl density gradient centrifugation as
escribed previously (Bru¨ssow and Bruttin, 1995). The
urified phage particles were denatured at 95°C for 10
in in Laemmli’s sample buffer (Bio-Rad, La Jolla, CA)
nd then loaded onto a 12% SDS–polyacrylamide minigel
unning at 200 V for 60 min. The gel was stained with
oomassie Brilliant Blue (Bio-Rad). Broad-range
restained SDS–PAGE standards (Bio-Rad) were used to
stimate the size of the stained proteins.
For N-terminal sequencing, the polyacrylamide gel
as transferred to a PVDF membrane (Immobilon; Milli-
ore, Bedford, MA) using a Bio-Rad Trans-Blot cell in
ransfer buffer (50 mM, pH 9). The proteins were then
isualized with Coomassie Brilliant Blue (0.1% Coomas-
ie blue, 40% methanol, 1% acetic acid), and the protein
f interest was cut from the membrane for sequencing by
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252 DESIERE, LUCCHINI, AND BRU¨SSOWdman degradation with an Applied Biosystems 473A
ulsed liquid protein sequencer (PE Applied Biosystems,
oster City, CA).
equence analysis
The Genetics Computer Group sequence analysis
ackage (University of Wisconsin, Madison, WI) was
sed to assemble and analyze the sequences. Nucleo-
ide and predicted aa sequences were compared with
hose in the databases [GenBank, Release 110; EMBL
Abridged), Release 58; PIR-Protein, Release 59; SWISS-
ROT, Release 37; PROSITE, Release 15.0] using FastA
Pearson and Lipman, 1988) and BLAST (Altschul et al.,
990) programs. Sequence alignments were performed
sing the CLUSTAL W 1.74 method (Thompson et al.,
994) and the BLOCKMAKER program (Henikoff et al.,
995). The phylogenetic tree was constructed using the
omputational Biochemistry Research Group Server (Zu-
ich, Switzerland).
ccession numbers
The complete genome sequence of Sfi21 was reported
ecently (Lucchini et al., 1999) and was deposited under
he accession number AF115103.
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Note added in proof. A very similar module for capsid assembly was
ecently described for the temperate phage fC31 which infects the
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999).
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